Abstract: Multiple Sclerosis (MS) is an inflammatory and neurodegenerative disease of the central nervous system, and both T and B cells are involved in its pathogenesis. The vast majority of disease-modifying drugs used for MS act on the inflammatory component of the disease and are approved for use in relapsing-remitting (RR) patients. Ocrelizumab (OCR) is the only MS drug that has been approved by the US Food and Drug Administration (FDA) not only for patients with RRMS but also for patients with primary progressive (PP) MS. OCR is a humanized anti-CD20 monoclonal antibody that can deplete the targeted B cells through antibody-dependent cellular cytotoxicity. Treatment involves administration by intravenous infusion every 6 months. OCR can cause long-lasting B-cell depletion and change the pool of reconstituted B cells. Phase III clinical trials have confirmed the results of previous Phase II studies. In particular, OPERA I and II trials, which were performed in patients with RRMS, showed a reduction in the annualized relapse rate, the risk of disability progression, and the number of new/enlarging T2 lesions and enhancing lesions measured using brain magnetic resonance. The ORATORIO trial, performed in PP subjects, showed that OCR can reduce disability progression, improve performance on the timed 25-foot walk, and decrease the total volume of T2 lesions and the mean number of new or enlarging T2 lesions. The most frequent adverse events were the infusion-related reactions and infections. Infections were mostly nasopharyngitis, as well as upper respiratory and urinary tract infections. OCR gives no indication for severe or opportunistic infections. There is not a clear increased risk of malignancies. Nevertheless, it could not be excluded. Real-life registries will provide more information about the long-term safety, the risk of exposure during pregnancy, and the risk of rare adverse events. In this review, we analyze the evidence regarding the efficacy and the safety of OCR.
Introduction
Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease of the central nervous system. At the onset of the disease, the most common clinical course is the relapsing-remitting (RR) phenotype, while a minority of patients experience an immediate progression of disability, referred to as the primary progressive (PP) phenotype. After initial relapsing course, the patients would eventually shift to a secondary progressive course in which there is a progressive accumulation of disability over time. 1 The clinical manifestations of MS indicate the involvement of various functional systems: motor, sensory, visual, bowel-bladder, cognitive, brainstem, and cerebellar. Moreover, frequent features of the disease are the fatigue and the Uhthoff phenomenon, that is, a transient worsening of symptoms secondary to an increase of body temperature (fever, physical exercise, hot bath, and so on).
In clinical practice as well as in clinical trials, the level of disability is assessed using the expanded disability status scale (EDSS), which ranges from 0 (absence of deficits) submit your manuscript | www.dovepress.com
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Frau et al to 10 (death due to MS). This scale addresses all of the functional systems that could be involved in the disease, but is mainly focused on ambulation autonomy. 2 Both T and B cells are involved in the pathogenesis of MS, and the results of their action are demyelination, axonal loss, and gliosis. 3 The role of B cells is supported by various factors, such as their presence in MS plaques 4, 5 and in the meningeal follicles of secondary progressive patients, 6 and the frequent finding of oligoclonal bands (OCBs) in the cerebrospinal fluid (CSF) of patients with MS. 7 OCBs are secreted by B cells and plasma cells and their presence is nearly stable in the same subject over the course of the disease; thus, OCBs are considered to be a hallmark of each person with MS. 8, 9 Another piece of evidence supporting the role of B cells in MS derives from the identification of some B-cell-specific genes shown to increase the risk of MS, perhaps due to their capacity to shift B cells into a proinflammatory profile. 10 Recently, an association between a variant of the TNFSF13B gene, encoding for the cytokine "B-cell activating factor" (BAFF), and an increased risk of MS has been found. 11 BAFF is essential for B-cell activation, differentiation, and survival. 12 Further, its levels were found to be modified by treatments used in MS, such as interferon beta and methylprednisolone. 13, 14 These pieces of evidence support the importance of therapies that target B cells.
To date, many disease-modifying drugs have been studied and employed in the treatment of MS, 15 with the aim of reducing aspects of the disease related to inflammation, clinical relapses, new T2 lesions, and gadolinium-enhancing lesions on brain and spinal cord magnetic resonance imaging (MRI). Moreover, there are other emerging immunotherapeutic strategies for MS. Among them, the use of stem cells is the most studied. In particular, the hematopoietic stem cell transplantation has been used from many years in the experimental treatment of MS, while the use of mesenchymal stem cells is more recent. There are also some Phase I and II studies investigating the potential role of the BHT-3009 DNA vaccine and the altered peptide ligands. 15 All of the medications are actually disposable and are only suitable for patients with the RR clinical course. However, recently, ocrelizumab (OCR) has been approved by the US FDA to treat both RR and PP patients (March 2017).
Use of OCR in MS: rational and mechanism of action
OCR is a monoclonal antibody with an IgG1 tail that is able to bind to a specific epitope of CD20, which is different than those bound by rituximab and ofatumumab. 16 These three antibodies differ in their structure; OCR is humanized, rituximab is mouse-human, and ofatumumab is fully human 17 ( Figure 1 ). Their target molecule (CD20) is a glycosylated phosphoprotein that is expressed in the vast majority of B-cell lines, but not in stem cells, pro-B cells, and plasma cells 18 ( Figure 2 ). The plasma cells being the most important producers of antibodies in the vast majority of subjects, the levels of antibodies in blood and CSF are generally not reduced after anti-CD20 therapies, while B cells are depleted via three principal mechanisms: antibody-dependent cellular cytotoxicity, complementdependent cytotoxicity, and apoptosis. [19] [20] [21] [22] Moreover, OCR acts also in a subtype of circulating T cells that express CD20, representing ~6% of total T cells. 23 OCR's action is mostly mediated by antibody-dependent cellular cytotoxicity, while the anti-CD20 antibodies rituximab and ofatumumab by complement-dependent cytotoxicity 10 ( Figure 3 ). B-cell depletion is very important for the suppression of inflammation in MS. Indeed, these cells are "bad" because they can secrete cytokines, selectively present antigens to T cells, and produce antibodies together with plasma cells. 24 Moreover, the meningeal lymphoid follicles could be associated with cortical demyelination and axonal loss. 25, 26 On the other hand, B cells are also "good", in that they are involved in cellular growth, remodeling, and repair. Moreover, regulatory B cells are important in the control of excessive inflammation. 10 A depletion of ~99% of B cells occurred within the first 14 days after infusion of OCR and persisted until week 24.
27
B-cell depletion could be monitored by the assessment of CD19 cells. 28 Afterward, B-cell reconstitution starts gradually, with a median recovery time of 74 weeks. In a minority of cases, the depletion continues 2.5 years after the last infusion. 29 Anti-CD20 therapies are able to permanently change the pool of reconstituted B cells to produce predominantly naïve B cells and diminished plasmablasts and memory B cells. It has been demonstrated that anti-CD20 drugs also change the T-cell repertoire after treatment, becoming more 
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Milestones in the development of ocrelizumab represented by regulatory T cells than by pro-inflammatory T helper 1 and T helper 17 cells. 30 However, a decrease of T cells in the first 6 months after treatment with anti-CD20 drugs has been observed. 31 This global reprogramming of the immune system could explain the long-lasting effects of anti-CD20 treatments, even after immune reconstitution. 32 In addition to anti-CD20 antibodies, other treatments with a prevalent action on B cells are under evaluation. The antibody inebilizumab is directed against the antigen CD19, which is expressed on a broader spectrum of B-lineage cells, comprising pro-B cells and plasmablasts. A Phase I randomized clinical study is ongoing to investigate the safety of inebilizumab in patients with RRMS. Other important targets are the blockers of BAFF (belimumab, LY2127399, and VAY736) and of "a proliferation-inducing ligand" (atacicept). In fact, they are members of TNF superfamily and are important for maturation and function of B cells. Some Phase II clinical trials investigating their role on clinical and MRI features in subjects with RRMS are ongoing.
33
Efficacy data from clinical trials
Clinical data about the efficacy of OCR in patients with RRMS are derived from three clinical trials. 27, 28, 34 The first one was a Phase II, randomized, placebo-controlled study, in which 220 patients were enrolled from 79 centers in 20 countries and divided into four groups. 27 All of the subjects had an aggressive course of disease, with at least three relapses in the 3 years before the baseline and at least one in the past year. Two groups received OCR treatment, which was administered by four intravenous infusions over 24 weeks, at a dose of 600 or 2,000 mg. Regarding the other two groups, one received placebo infusions and the other received interferon beta 1a intramuscular injections once a week. Before each infusion, intravenous methylprednisolone 100 mg was administered, and analgesic or antipyretic with oral antihistamine were recommended to avoid infusionrelated adverse events. Out of the whole cohort, 204 subjects completed the 24-week period of the study and 196 completed the 48-week period. Both groups treated with OCR had an overall relative reduction of gadolinium-enhancing 
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Frau et al lesions compared to the placebo group (89% for the 600 mg group and 96% for the 2,000 mg group). The patients free of gadolinium-enhancing lesions were 77% in the 600 mg group and 88% in the 2,000 mg group. Moreover, the annualized relapse rate (ARR) over 24 weeks was lower in the OCR treated groups than in the placebo group (80% lower in the 600 mg group and 73% lower in the 2,000 mg group). The effect of reducing clinical relapses persisted between 24 and 48 weeks.
After the positive results of the Phase II study, two Phase III, multicenter, randomized, double-blind, active-controlled, parallel group trials were performed in RR patients: OPERA I and OPERA II. 28 They were conducted at independent sites and had the same protocol design, with OCR 600 mg administered to the study group and interferon beta 1a 44 µg subcutaneous injections three times/week to the control group. The infusion protocol was the following: an infusion every 24 weeks, with the first 600 mg dose divided into two infusions, each of 300 mg, administered on days 1 and 15; the following infusions were single 600 mg administrations. The OPERA I trial involved 821 patients from 141 sites in 32 countries, while the OPERA II trial involved 835 patients from 166 sites in 24 countries. The principal inclusion criteria were as follows: age 18-55 years; EDSS score 0-5.5; and at least two relapses in the 2 years before the study, or 1 relapse in the past year. Similar to that in the Phase II trial, intravenous 100 mg of methylprednisolone was administered before each infusion, and analgesic or antipyretic with oral antihistamine were recommended. The primary end point was the ARR at 96 weeks, and the study had many secondary end points: the proportion of patients with disability progression confirmed at 12 weeks; disability improvement confirmed at weeks 12 through 96; gadolinium-enhancing lesions, new or newly enlarged T2 lesions, new hypointense T1 lesions, and changes in brain volume measured with MRI; change in MS functional composite score; change in short-form health survey (SF-36). OPERA I was completed by 89.3% patients in the OCR group and 82.7% in the interferon beta group, while OPERA II was completed by 86.3% and 76.6%, respectively. In both studies, the patients treated with OCR had a lower ARR at 96 weeks than those treated with interferon beta (0.16 versus 0.29). Thus, the ARR was 46% lower in the OCR group ( p,0.001). Furthermore, patients treated with OCR had a 40% lower risk of disability progression at 12 and 24 weeks after treatment ( p,0.001 and p=0.003, respectively). In OPERA I, a significant effect on the rate of disability improvement was also shown at 12 weeks, being 33% higher in the OCR than in the interferon beta group ( p=0.02).
MRI analysis showed a 94% (OPERA I) and 95% (OPERA II) reduction in the number of gadolinium-enhancing lesions with OCR than with interferon beta (0.02 versus 0. 29 The results about changes in the SF-36 score were not conclusive. Indeed, in both studies on RR patients, SF-36 scores were better with OCR than with interferon beta, but the result was statistically significant only in OPERA II.
As mentioned, OCR is the first drug approved for patients with the PP course of MS. The interest in studying this therapy in these subjects arises from the results of the OLYMPUS clinical trial, which investigated the efficacy of the anti-CD20 antibody rituximab in patients with PPMS. 35 The results of this study were considered negative, because the primary end point was not reached. Nevertheless, after the analysis of subgroups, younger subjects (,51 years old) with evidence of disease activity demonstrated a delay in disability progression.
The ORATORIO study 34 was a Phase III, randomized, parallel-group, double-blind, placebo-controlled trial, investigating the efficacy of OCR in 732 patients with PPMS and specific clinical features. The inclusion criteria were very strict, and included the following: age 18-55 years; an EDSS score between 3.0 and 6.5; a score in the pyramidal functional system of the EDSS of at least 2; a short duration of disease (less than 15 years if the EDSS score was more than 5.0, and less than 10 years if the EDSS score was 5.0 or less); an elevated IgG index or at least one OCB in CSF. The modality of drug administration and the prophylaxis recommended against infusion-related reactions were identical to those in the previous trials performed in RR subjects. The patients assigned to OCR and who completed the study (120 weeks) were 402 out of 488.
The primary end point of this study was the percentage of patients with disability progression confirmed at 12 weeks. The study also had some secondary end points: the percentage of patients with disability progression confirmed at 24 weeks; the change in total volume of T2 brain lesions and in brain 
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The primary end point was reached, showing a 24% reduction of disability progression in the active group ( p=0.03). The disability progression at 12 weeks was 32.9% with OCR and 39.3% with placebo. Similar results were found for the first secondary end point: the disability progression at 24 weeks was 29.6% with OCR and 35.7% with placebo, with a lower risk of 25% for the active group ( p=0.04).
The drug was also more effective in improving the performance on the timed 25-foot walk compared to placebo (change of 38.9% versus 55.1%, respectively, relative reduction with OCR of 29.3%, p=0.004).
The MRI end point results were once again positive. Indeed, a decrease in the total volume of T2 lesions from baseline to week 120 with OCR was observed, while there was an increase with placebo (mean percent change -3.4, p,0.001). The mean change in brain volume from week 24 to week 120 was -90 with OCR and -1.09 with placebo ( p=0.02). Moreover, the mean number of new or enlarging T2 lesions from baseline to week 120 was 0.31 with OCR and 3.88 with placebo ( p,0.001).
Safety data from clinical data infusion reactions
The principal adverse events observed were infusion reactions and infections. The infusion reactions were mild or moderate, occurred mostly during the first dose, and were mainly pruritus, rash, throat irritation, and flushing. One case of life-threatening bronchospasm occurred in the OPERA I trial during the first infusion. All the remaining infusion reactions were not life-threatening and none were fatal. 27, 28, 34 infections The other frequent adverse event was the occurrence of infections, which were observed in similar percentages in both the OCR and interferon groups (56.9% versus 54.3% in OPERA I; 60.2% versus 52.5% in OPERA II, respectively). 28 Furthermore, in the ORATORIO trial, the percentage of infections was similar between the OCR and placebo groups (71.4% versus 69.9%, respectively), as well as the percentage of serious infections (6.2% versus 5.9%, respectively). The OCR-exposed patients enrolled in ORATORIO trial had more frequent infections of oral herpes compared to the placebo group. 34 The most frequent infections observed during the clinical trials were nasopharyngitis, as well as upper respiratory and urinary tract infections.
The selectivity of OCR could explain the similar rate of infection to that of the control groups. Indeed, humoral immunity and the immune reconstitution are maintained after the treatment, because B-cell precursors and plasma cells are spared from OCR's effects.
Moreover, a higher risk of either opportunistic or general serious infections in MS patients has not been reported. 27, 28, 34 A clinical trial to treat rheumatoid arthritis using a high dose of OCR as an add-on treatment was stopped due to opportunistic infections. 36 There were no cases of progressive multifocal leukoencephalopathy (PML) that were reported during OCR in the clinical trials. In May 2017, the first case of PML observed during OCR has been described. This patient received the first dose of OCR in April 2017, and the last dose of natalizumab in February 2017, after being on this drug for 3 years. This case was interpreted as "carryover" effect of natalizumab, which is notoriously associated with PML. In fact, the patient was exposed for a long period to natalizumab, and this drug was stopped only a few months before the diagnosis of PML, and only one dose of OCR was administered. 37 Patients with both active B and C hepatitis could not be treated with OCR, as well as with other anti-CD20 antibodies, until infection is resolved. 10 In subjects positive for hepatitis B core antibody and negative for the other hepatitis B virus markers (comprising absence of viral DNA), an hepatology evaluation and a prophylaxis with antiviral drugs should be considered. 17 
Pregnancy
Contraception is recommended for women in the 6 months after the last infusion. Indeed, in primates, the exposure to B-cell-depleting drugs was related to B-cell depletion in new borns, renal and testicular toxicity, lymphoid follicle formation in the bone marrow, and death. 17 In children of women treated with B-cell depleting therapies during pregnancy, B-cell depletion and lymphocytopenia have been reported. 17 There are no specific data about exposure to OCR.
Kidney and hepatic failure
The safety of OCR in patients with mild, but not severe, kidney and hepatic failure has been assessed in clinical trials. Thus, the drug is not contraindicated in subjects with mild kidney and hepatic dysfunction. 27, 28, 34 
Malignancies
During the OPERA studies and their extension phase, nine neoplasms were detected in OCR group: four instances of breast cancer, one of renal cell carcinoma, two of malignant melanoma, and two of basal-cell skin carcinoma. There were two malignancies in the placebo group. 27, 28 Among the 486 patients enrolled in the ORATORIO study, a malignancy was observed in 11 patients exposed to OCR (2.3%): four breast cancers, three basal-cell carcinomas, one endometrial adenocarcinoma, one anaplastic large-cell lymphoma, one malignant fibrous histiocytoma, and one pancreatic carcinoma. 34 Considering the clinical trials together, the overall incidence of a first neoplasm in patients treated with OCR was 0.40 per 100 patient-years of exposure, while in the whole cohort, including placebo and interferon beta, the incidence was 0.20 per 100 patient-years of exposure. 27, 28, 34 The number of OCR-exposed patients who had cancer diagnosis was not higher than expected in the general population, and the malignancies occurred were various. Also the breast cancers, which were the more represented, were of different types. Due to these considerations, a clear causative role of OCR exposure has not been clearly confirmed. 10 
Severe adverse events
The percentage of serious adverse events was lower in the OCR group than in the interferon group (6.9% versus 7.8% in OPERA I, and 7.0% versus 9.6% in OPERA II). 27, 28 During the clinical trials, six deaths were observed in the OCR-exposed patients. One of these subjects was included in the Phase II trial and exposed to a high dose of OCR (2,000 mg). 27 In this case, the death was due to an acute onset of thrombotic microangiopathy, occurred at week 14, and a correlation with the drug was not excluded. Another patient who was enrolled in the OPERA II trial died from suicide. 28 The remaining four patients who died during the ORATORIO study died from pulmonary embolism, pneumonia, pancreatic carcinoma, and aspiration pneumonia. 34 
Conclusion
All clinical trials comparing OCR versus placebo or interferon beta have shown the superiority of this monoclonal antibody in many clinical and neuroimaging aspects. These studies are important for patients with RRMS, as these present a new therapeutic option. However, OCR is even more important for PPMS subjects, as it is the first drug to be approved for use in patients with this phenotype of MS. Given the strict inclusion criteria in the Phase III trial for patients with PPMS, the generalization of OCR treatment usefulness to patients without these features needs further clarification. Moreover, in both PP and RR patients, the impact of OCR in reducing the progression of brain atrophy was very small, 27, 28, 34 and this result once again suggests that its prevalent action is on the inflammatory aspect of the disease, rather than on neurodegeneration itself. Indeed, it seems that the drug is not effective in slowing the neurodegenerative process.
As for all new drugs, only continuous observation can provide information about safety, in particular regarding rare adverse events such as malignancies and opportunistic infections, and regarding the exposure in a time of less than 6 months from pregnancy. A particular attention should be addressed on malignancies, as no clear data can be derived from clinical trials.
There are some interesting topics that need to be investigated.
First of all, there is limited experience with repetitive infusions of OCR, and more generally, with long-lasting B-cell depletion. This is true regarding both the efficacy and safety of OCR. In fact, the duration of clinical trials is limited, and a maximum number of infusions that can be administered have not been established.
Moreover, OCR will be used in clinical practice in both naïve patients and in those shifting from a second-or first-line treatment for MS. Unfortunately, no safety data are available about switching from and to OCR. To date, the possibility of rebound of disease activity after OCR discontinuation has not been described.
The continuous record of data derived from worldwide clinical practice will be very important in answering these issues. For this purpose, real-life registries for recording both the adverse events and the pregnancies that occurred with exposure to the drug should be created.
